INTRODUCTION
In spite of the relatively insoluble nature of quartz, silica mobility near Earth's surface (e.g., weathering, hydrothermal alteration, diagenesis, metamorphism) is evident from the common occurrence of sedimentary chert (and chert precursors), quartz veins, quartz overgrowths and/or replacements in sedimentary rocks, and the common depletion of silica in soils. Dominant sources of sedimentary silica are likely to be breakdown of volcanic glass and silicate minerals other than quartz (e.g., olivine, pyroxene, and feldspar) during weathering, lowtemperature alteration, pressure solution during compaction and creep, and a variety of diagenetic and metamorphic reactions operating at higher pressures and temperatures (Heaney et al., 1994) .
Chemical analyses of Martian SNC (Shergottites, Nakhlites, Chassigny) meteorites and soils, orbital gamma-ray spectroscopy, orbital thermal emission spectroscopy, and general understanding of planetary evolution indicate that magmatic rocks on Mars are likely dominated by mafic compositions (see reviews in McSween and Treiman, 1999; . Accordingly, surficial processes on Mars, to the extent that they occurred, would be dominated almost certainly by fluid interactions with basaltic rocks. This is in contrast with Earth, where granodioritic upper continental crust is the primary location where many of these processes operate (Taylor and McLennan, 1985) .
Several lines of evidence suggest the presence of silica-rich igneous rocks on the Martian surface. Chemical analyses returned from the Pathfinder mission indicate that Martian rocks at that site are silica rich. Preliminary calibrations suggested very high silica contents, with an extrapolated soil-free rock composition well within the field of andesite and approaching dacite (Rieder et al., 1997) . However, recent recalibrations by independent laboratories indicate significantly lower silica contents, the soil-free rock being near the andesite-basaltic andesite boundary (Economou, 2001; Foley et al., 2001; Wänke et al., 2001) .
Orbital thermal emission spectroscopy (TES) data suggest a planetwide compositional dichotomy approximately corresponding to the boundary between the ancient heavily cratered southern highlands and the somewhat younger northern plains (Bandfield et al., 2000) . TES data have been interpreted as indicating a northern hemisphere domi-*E-mail: Scott.McLennan@sunysb.edu. nated by andesitic compositions and a southern hemisphere dominated by basalts. If correct, this interpretation has important implications for the thermal and tectonic evolution of Mars. Wyatt and McSween (2002) reinterpreted the thermal emission data. They modeled the andesite spectra as being the result of some type of basaltic weathering processes that took place under submarine conditions in an early Martian northern ocean, or during subaerial surface weathering with subsequent transport of sedimentary particles into the northern basin. One component of the spectral modeling that is consistent with andesite is high-silica glass (Bandfield et al., 2000) . However, Wyatt and McSween (2002) noted that thermal emission spectra of high-silica glass are very similar to clays and to amorphous silica alteration products (Graetsch, 1994) , and so these alternatives may not be readily distinguishable on the basis of TES alone.
Accordingly, the purpose of this paper is to explore the possibility that sedimentary silica may be an important phase on the surface of Mars (McLennan, 2000a) . In addition, the implications of producing silica during Martian surficial processes are also considered, especially in terms of interpreting Martian geochemical and mineralogical data.
SILICA MOBILITY IN BASALTIC ENVIRONMENTS
Although basalts have substantially lower SiO 2 content than more felsic igneous rocks, in most cases they are more susceptible to silica mobility. Because quartz is relatively insoluble, especially under near neutral through acidic conditions, one can consider the most labile silica in an igneous rock as being that associated with the nonquartz fraction. Thus, the labile silica content of a quartz-free basalt with 52% SiO 2 is equivalent to a granitic rock containing 69% SiO 2 and 35% modal quartz. When one further considers that the feldspar component of granitic rocks typically has a far higher ratio of relatively stable Kfeldspar to relatively unstable plagioclase, it is clear that basalts have significantly more silica available to be liberated during many alteration processes. Examples of typical breakdown reactions expected for basaltic rocks, that liberate silica, include the following. fayalite:
forsterite:
2 6 2 4 4 albite: In Figure 1 , two examples of silica mobility in basaltic environments illustrate this point. In Figure 1A , SiO 2 /Al 2 O 3 is shown for weathering profiles in basaltic and granodioritic rocks in similar climatic regimes (Nesbitt and Wilson, 1992; Nesbitt and Markovics, 1997) as a function of the chemical index of alteration (CIA), where (using mole proportions): Two observations are important within the context of this paper. The first is that weathering results in a decrease in SiO 2 /Al 2 O 3 of ϳ50% for both basalt and granodiorite. However, the shapes of the silica loss trends differ, and silica loss in the basalt weathering profile is far greater during the early stages of weathering.
Palagonitization, the hydrolytic alteration of basaltic glass, is a commonly proposed alteration process for the surface of Mars. This is because the spectral signal of Martian soils appears to be best matched by palagonite (e.g., Bell et al., 1993) . Figure 1B shows the degree of silica mobility for palagonites (and associated secondary clays) formed in Icelandic basalts under mild conditions with water temperature near freezing and very low total dissolved solids (Daux et al., 1994) . The changes in SiO 2 /Al 2 O 3 for coexisting palagonite and clay (Ͻ2 micron) alteration products compared to the parent glass are also shown. The data are plotted against the difference in 87 Sr/ 86 Sr ratio between the clay alteration products and the parent glass, taken to be an independent measure of the degree of alteration. Although there is no simple relationship between these parameters, it is notable that for different samples, the SiO 2 /Al 2 O 3 ratio decreases by as much as 60% and increases by as much as ϳ15% under these conditions. A major conclusion is that silica is highly mobile during nearsurface alteration of basaltic rocks under a wide variety of temperature, pressure, and fluid conditions. There appear to be few instances of basalt alteration where silica is not mobile to at least some degree.
EVIDENCE FOR SILICA MOBILITY ON MARS
There is no direct measurement of free silica, either as quartz or as an amorphous phase, on Mars. Orbital TES data should be able to identify Ն5% quartz and, accordingly, the amount of quartz on the Martian surface is less than this value, at least on the scale of TES resolution. However, amorphous silica would be more difficult to identify and may be difficult to distinguish from high-silica glass. Highsilica glass was successfully modeled as one component on the northern andesitic Martian plains (Bandfield et al., 2000) . If amorphous silica were one of the components that explain the distinctive TES spectra of the northern hemisphere of Mars, the amount could be as high as 10%-20% (Wyatt and McSween, 2002) .
Indirect evidence for silica mobility on Mars comes from experimental, field, and theoretical studies and mass-balance arguments. A number of experimental, field, and theoretical studies have been carried out under conditions that are thought to be reasonably representative of Mars, and many of these imply that silica mobility may be a significant process (e.g., Burns, 1993; Griffith and Shock, 1997; Banin et al., 1997; Catling, 1999; Baker et al., 2000; Morris et al., 2000) . Surprisingly, there has been little comment on these observations. Geochemical and mineralogical relationships among Martian soils and rocks are also consistent with the possibility of secondary silica on Mars. At the Pathfinder site, MgO strongly correlates with sulfur content. This has been taken as evidence for the presence of secondary magnesium sulfates (Ϯchlorides) within the soils, including soil coatings on Pathfinder rocks (Fig. 2) . Although there are few definitive conclusions about mineralogy that have come from the various spectral measurements, it is widely agreed that a significant part of the iron in Martian surficial deposits is present as secondary Fe-oxides, such as nanophase oxides, hematite, and maghemite (Bell, 1996) . The TES data have also identified major regions near equatorial latitudes that contain as much as 30% crystalline hematite (Christensen et al., 2000) . Such high concentrations are unlikely to result from igneous processes, although thermal oxidation of magmatic rocks has been proposed (e.g., Minitti et al., 2002) . These deposits generally are thought to result from surficial processes, including deposition from low-temperature aqueous solutions, diagenetic processes, or hydrothermal processes (Christensen et al., 2000 (Christensen et al., , 2001 Hynek et al., 2002) .
The origin of minerals such as hematite and Mg-sulfates is probably due to the breakdown of mafic minerals (and basaltic glass) during various low-temperature or hydrothermal alteration processes. Any plausible reaction leads to the formation of excess silica, usually in the form of silicic acid or related species (Fig. 3) . Such components most likely form amorphous silica. It is also possible that silica-rich clays, such as sepiolite or palygorskite, could be formed, but such materials would be in even higher abundances. Simple mass-balance calculations indicate that the amount of silica that could be liberated by such reactions is substantial. If the process goes to completion, as much as 17 g of silica could form from every 100 g of basaltic material that is altered.
DISCUSSION
The implications of having significant free silica in the nearsurface environment of Mars could be profound for interpreting imaging, remote sensing, and chemical data that are returned from Mars. There may also be practical significance. Silica is a well-known health hazard (e.g., Goldsmith, 1994) , and it has been suggested that as little as 0.01% free silica (mainly as quartz) could present significant health hazards for human exploration and habitation of Mars (Meloy and Williams, 2002) .
If silica is a mobile species at the near surface of Mars, it could greatly affect the manner in which remote geochemical data are interpreted. This is illustrated in Figure 4 , where Mg/Si versus Al/Si and Ca/Si versus Fe/Si are plotted. These diagrams are commonly used by cosmochemists to evaluate large-scale planetary differences in the composition of mantle-derived magmatic rocks from Earth and Mars (e.g., Rieder et al., 1997; . Chemical changes associated with alteration of basalts can completely swamp these planetary differences in igneous compositions.
Early suggestions of andesitic rocks at the Pathfinder landing site elicited great attention (e.g., Rieder et al., 1997; Minitti and Rutherford, 2000; McLennan, 2000b) because the evidence up to that point, primarily from SNC meteorites and the Viking mission, suggested that most of the rocks on Mars were basaltic or ultramafic. If the Pathfinder rocks are volcanic and are representative of much of the surface rocks in the northern hemisphere, such a large amount of fractionated igneous rocks requires an unusual origin in the absence of plate tectonics. Recent recalibration of geochemical data indicates that soil-free Pathfinder rocks are very close to the basaltic andesite-andesite boundary (Economou, 2001; Foley et al., 2001; Wänke et al., 2001) . Although available surface spectroscopy at the Pathfinder site and geochemical systematics among Pathfinder rocks and soils provide no convincing evidence for a pure silica phase, it is noteworthy that even a few percent of sedimentary silica on the surfaces of these rocks could strongly affect petrogenetic interpretations.
In the absence of silica-secreting organisms, hydrological reservoirs (oceans, lakes, groundwater) could have silica concentrations at near saturation levels (Siever, 1957) , thus allowing for the possibility of large-scale mobility of silica. The ultimate fate of such silica would depend on a variety of hydrological conditions, notably pH (silica solubility increases dramatically at pH Ͼ 8), that are not well known for Mars. Likely sites for deposition could include rock and dust coatings, veins, cements and fracture fillings, mineral overgrowths, authigenic mineral grains, and perhaps even layered sedimentary chert deposits. Characterizing the nature (e.g., crystallinity) and mapping the distrion March 21, 2011 geology.gsapubs.org Downloaded from bution of silica at near-surface conditions could provide important information on paleohydrological conditions, including water compositions, pH, and fluid flow paths.
There is growing evidence for large-scale movement of surface water on Mars (e.g., Phillips et al., 2001; Irwin et al., 2002) , and growing support for suggestions of major subsurface reservoirs of water (Boynton et al., 2002) , the possibility of a long-term sedimentary record (Malin and Edgett, 2000) , and even the possibility of an ocean in the northern plains (e.g., Head et al., 1999) at various times during the history of the planet. Accordingly, an important conclusion of this study and others (e.g., Christensen et al., 2000; McLennan, 2000b; Wyatt and McSween, 2002) is that a variety of sedimentary processes may be as important to consider as igneous processes when interpreting remote geochemical and mineralogical data at all scales.
